A novel, low-insertion-loss transmission f ilter with the implementation of linearly chirped f iber Bragg grating ref lectors and polarization-splitting f iber fusion couplers is reported. Pulse chirping, chromatic dispersion compensation, and pulse compression are demonstrated. Cascading of dispersive f ilters, including application to a low-loss pulse stretcher͞recompressor of femtosecond pulses, is also demonstrated.
The past few years have seen considerable efforts directed toward the production of intracore fiber Bragg ref lectors 1 and their implementation in telecommunications, fiber lasers, and sensors (Ref. 2 and references therein). Gratings have been successfully applied in a large number of devices, including simple broad-band-stop and narrow-band-stop ref lection filters and fiber lasers. Chirped gratings have also been proposed and shown to be very promising for dispersion compensation in optical communications systems and pulse sources. 3 -5 One of the problems associated with gratings in some of these applications is that they operate in ref lection, so that in order to recover the ref lected radiation they are used in conjunction with a 50:50 coupler, incurring a signal loss of at least 6 dB. This high insertion loss can make such devices impractical in real systems. To overcome this problem, the use of two identical gratings in a Michelson interferometer conf iguration has been proposed and demonstrated. 6 However, this technique requires interferometric matching of two arms, which may cause problems in the long-term stability of the device. The implementation of special gratings in such a device and their adjustment and control also appear very diff icult. We recently proposed an alternative method based on polarization multiplexing with a polarization-splitting coupler. 7 This technique does not require interferometic matching. A transmission filter based on this technique is adjusted through polarization control and has good stability, and a low-insertion-loss filter can also be constructed with only one grating.
In this Letter we report a low-insertion-loss dispersive transmission filter based on this principle. In the devices, linearly chirped gratings are employed. The gratings were manufactured by a highly reproducible phase-mask replication technique. 8 Both polarization-sensitive and -insensitive filters are demonstrated. The application of these filters for dispersion compensation and femtosecond pulse stretching/compression is reported. A cascaded configuration of the filters for chirp enhancement is also reported. The potential application of two dispersive filters with equal but opposite dispersion in an all-f iber chirped-pulse amplification technique is also demonstrated.
The principle of operation of the fiber transmission filter transforming the ref lection characteristic of a fiber Bragg ref lector into a transmission function is illustrated by the well-known bulk-optic analog in Fig. 1(a) . An input optical signal is split into two orthogonal linear polarizations by a polarization beam splitter. The vertically polarized component of the light is transmitted by the polarization beam splitter; then passage through a l͞4 wave plate converts the linear polarization into circular. On ref lection from a polarization-insensitive mirror the handedness of the circular polarization is reversed, and, after passing back through the l͞4 wave plate, the light is linearly polarized, orthogonal to the input polarization. Therefore it is ref lected by the polarizing beam splitter. With the identical arrangement used for the horizontally polarized component in the second arm, both polarizations recombine to appear at the output of the system. The single-mode fiber analog of such a transmission filter can be constructed with a fiber polarization-divisionmultiplexing coupler (PDM) (or fiber polarization beam splitter).
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The PDM is a long fusion taper coupler made from standard single-mode fiber. Its operation relies on the presence of a form birefringence in the fused section of the coupler. A typical characteristic of a PDM that we used in our experiment is shown in Fig. 2 . At the center wavelength, 1562 nm, the coupler provides more than 26-dB measured extinction between two orthogonal eigenpolarizations and a 20-nm bandwidth with the extinction ratio exceeding 12 dB. The operational wavelength of the grating should be within this bandwidth. Two configurations of the transmission filters are shown in Figs. 1(b) and 1(c). The birefringence and hence the polarization in the arms of the coupler are controlled by mechanical polarization controllers. In the first conf iguration [ Fig. 1(b) ] only one grating is used, but it requires the input light to be linearly polarized along the coupler birefringence axis. Thus we call this filter polarization sensitive. The polarization-insensitive conf iguration includes two identical gratings in both arms of the coupler [ Fig. 1(c) ]. The chirped gratings used in the experiment were produced by a phasemask technique. In this technique a chirped grating is fabricated in a phase mask and holographically replicated in the fiber, and the linear chirp is approximated by a steplike chirp. In the first experiment the polarization-sensitive transmission filter shown in Fig. 1(b) was used for compensation of fiber chromatic dispersion of an optical fiber. The experimental setup is shown schematically in Fig. 3 . The 470-fs pulses [ Fig. 4(a)] were first launched into a piece of standard telecommunication fiber having a dispersion of ϳ18 ps͞(nm km) at 1560 nm, where they were broadened to ϳ30 ps. On ref lection from the transmission filter the pulses were compressed to their initial duration. We optimized the length of the standard telecommunication fiber by cutting the fiber to achieve the minimum pulse duration after recompression in the dispersion filter. The minimum width ϳ 500 fs was measured when the fiber length was 262 m [Fig. 4(b) ]. The grating dispersion was determined to be 4.5 ps͞nm. This is quite close to the theoretically predicted value. The minimum insertion loss of the filter was measured to be ϳ2 dB, which was due to the single-pass coupler loss of ϳ 0.2 dB, to the 90% rather than 100% ref lectivity, and to some splice loss. Previously 7 we reported a narrow-bandpass filter using narrow-band gratings with an insertion loss of less than 1 dB.
In the next experiment the polarization-insensitve filter was examined. In this device two identical gratings were used, and the lengths of the two arms of the filter were balanced. A difference in bandwidth, dispersion, or ref lectivity of the two gratings introduces polarization mode dispersion or polarization dependence of insertion loss in the filter. However, the phase-mask replication technique that we use does permit reproducible fabrication of chirped gratings. Balancing the length of two arms is equally important for device operation. A difference in the lengths introduces the relative delay for two polarizations, resulting in polarization mode dispersion. For instance, a 1-mm difference in arm lengths gives an ϳ10-ps delay. One can achieve precise equalization by stretching the fiber, and this method was used in the experiment. Figures 4(c) and 4(d ) show the autocorrelation function measured in the unbalanced and balanced filters. The minimum pulse duration measured in this setup was 600 fs. The measured polarization mode dispersion was reduced to less than 0.1 ps. However, the polarization at the filter output f luctuated because of the phase instability of pulses recombining in the coupler. The instability of the output polarization (unlike insertion loss drift in the Mach -Zehnder interferometer) is the penalty paid for the relaxation of interferometric matching of the arms. The variation of the insertion loss is alternatively determined by the variation in birefringence introduced by the polarization controllers. The birefringence in the arms, which are normally less than 1 m long, is actually very stable, provided that there are no mechanical perturbations moving or stressing the fiber or significant variation of environmental conditions. Other advantages of the polarization-multiplexing technique are the easy integration of any gratings into the transmission filter and the opportunity of chirp or wavelength adjustment in the gratings, which is often required. 5 The implementation of low-insertion-loss dispersive transmission filters opens the opportunity for the use of cascades of filters without extra preamplification. A sequence of two identical filters was used to increase the dispersion compensation experiment (Fig. 3) . The length of the standard telecommunication fiber was hence increased to 550 m. Propagating through the fiber, the 470-fs soliton pulse was broadened to ϳ 60 ps and then was recompressed to 550 fs in the double filter, compensating the dispersion of ϳ9 ps͞nm over a 12-nm bandwidth.
So far we have demonstrated only the use of positively dispersive filters in order to compensate the anomalous dispersion of silica fiber. However, we can invert the sign of the dispersion introduced by the chirped grating simply by using ref lection from the opposite side of the grating. One of the applications of two filters having equal but opposite signs of dispersion is in an all-optical-fiber chirped-pulse amplification technique for generation of high-power pulses. The filters can work as a pair of dispersion delay lines for stretching of the pulses with following amplif ication and recompression. In the experiment a 60-times stretching of a 470-fs pulse to 30 ps was followed by recompression to 500 fs. The low-insertion-loss dispersion delay line is extremely important in this application, especially for the compressor to recover the maximum output power. 11 In conclusion, we have reported all-fiber, lowinsertion-loss dispersive transmission filters based on chirped fiber Bragg gratings and demonstrated a number of potential applications. The polarizationsensitive and -insensitive filters were applied to dispersion compensation and chirped-pulse compression. Apart from low insertion loss, these filters permit cascadability as well as easy access to the grating, permitting control and dispersion and wavelength adjustment if necessary. A matched pair of chirped gratings has been shown to be an effective stretcher͞compressor combination for an all-f iber, chirped-pulse amplifier for high-power pulse generation.
